PolyP (inorganic polyphosphate) is a linear polymer of many tens or hundreds of orthophosphate residues found in a wide range of organisms, including bacteria, fungi, insects, plants and vertebrates. Despite its wide distribution in mammalian tissues and plasma, the biological functions of polyP on tumour metastasis and angiogenesis have not been previously examined. In the present study, we have shown that polyP effectively blocked in vivo pulmonary metastasis of B16BL6 cells by suppression of neovascularization, whereas it did not affect proliferation or adhesion to extracellular matrix proteins. PolyP not only inhibited bFGF (basic fibroblast growth factor)-induced proliferation and ERK (extracellular-signal-regulated kinase)/p38 MAPK (mitogen-activated protein kinase) activation of human endothelial cells, but also blocked the binding of bFGF to its cognate cellsurface receptor. Furthermore, polyP inhibited bFGF-induced in vitro and in vivo angiogenesis, suggesting that polyP possesses an anti-angiogenic activity. Since neovascularization is essential for tumour metastasis, our present findings clearly indicate that polyP has an in vivo anti-metastatic activity via its anti-angiogenic activity. Taken together with the fact that angiogenesis occurs under various normal and pathological conditions, our observations suggest that endogenous polyP may play a critical role during embryonic development, wound healing and inflammation, as well as in the progress of pathological diseases such as rheumatoid arthritis and cancer.
INTRODUCTION
Angiogenesis, the formation of new blood vessels from preexisting vessels, occurs under various normal and pathological conditions. Although neovascularization in physiological processes is finely tuned by a balance of stimulatory and inhibitory factors, persistent and unregulated growth of new capillaries plays a prominent role in the development of pathological diseases including cancer and rheumatoid arthritis [1] . Among a large number of pro-angiogenic factors, bFGF (basic fibroblast growth factor), a heparin-binding polypeptide, is a potent endothelial mitogen. It stimulates angiogenesis in vivo and plays diverse functions during angiogenesis, wound healing and inflammation [2, 3] . Tumour and stromal cells overexpress and secrete bFGF into the extracellular milieu. The binding of bFGF to a tumour or endothelial cell-surface receptor can stimulate cell growth, migration and other biological events through signal transduction cascades.
PolyP (inorganic polyphosphate) is a linear polymer of many tens or hundreds of orthophosphate residues linked by high-energy phosphoanhydride bonds [4, 5] . PolyP has been found in every cell in nature. Although the biological functions of polyP have been mostly investigated in microorganisms, previous studies suggest that polyP has numerous biological functions in mammalian systems, such as the modulation of blood coagulation, mammalian cell proliferation via mTOR (mammalian target of rapamycin) activation, stimulation of osteoblast-like cell calcification, modulation of FGF activity via direct interaction and induction of apoptosis in plasma cells [6] [7] [8] [9] [10] .
Polyanionic molecules including heparin, heparan sulfate and fucoidan have anti-angiogenic and anti-tumour activities that function by modulating the actions of growth factors released from tumour cells [11] [12] [13] [14] . These observations suggest that polyP, a polyanionic molecule, should have an anti-angiogenic activity and can block tumour growth and metastasis. However, the biological functions of polyP with relation to tumour metastasis and neovascularization have not been studied. In the present study we show that polyP inhibits in vivo pulmonary metastasis by suppression of neovascularization without any apparent in vitro anti-proliferative or anti-adhesive activity on tumour cells. Furthermore, polyP has an anti-angiogenic activity: it inhibits bFGFinduced proliferation, ERK (extracellular-signal-regulated kinase) and p38 MAPK (mitogen-activated protein kinase) activation, capillary-like tube formation in human endothelial cells and in vivo angiogenesis via the blockage of bFGF binding to its cognate cell-surface receptor. These results suggest that polyP possesses novel anti-metastatic and anti-angiogenic activities.
MATERIALS AND METHODS

Cell culture
HUVECs (human umbilical-vein endothelial cells) were isolated from human umbilical-cord veins and cultured as described Abbreviations used: bFGF, basic fibroblast growth factor; CAM, chorioallantoic membrane; ERK, extracellular-signal-regulated kinase; FBS, foetal bovine serum; Fc, fragment of IgG1; FGF R1, FGF receptor 1; FGF R1-Fc, a soluble chimaera protein consisting of the extracellular domain of the human FGF R1α and Fc region of human IgG1; HUVEC, human umbilical vein endothelial cell; MAPK, mitogen-activated protein kinase; MEM, minimal essential medium; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; PBST, PBS + 0.05 % Tween 20; polyP, inorganic polyphosphate. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email ysgho@postech.ac.kr).
previously [15] . B16BL6 melanoma cells were grown in MEM (minimal essential medium; Invitrogen) supplemented with 10 % FBS (foetal bovine serum) and 100 units/ml penicillin/100 µg/ml streptomycin. Cells were grown at 37
• C under a humidified air/CO 2 (19:1) atmosphere.
Pulmonary metastasis
The pulmonary metastasis assay was performed as described previously [16] . Cultured B16BL6 melanoma cells were harvested and suspended in PBS with different concentrations of polyP (chain length 75 phosphate residues; Sigma). PolyP mixture (200 µl; 50000 cells) was injected intravenously via the tail vein into each male C57BL/6 mice (5-7 weeks old). After 14 days, lungs were isolated from mice and then photographed using a digital camera (Nikon). The number of metastasized colonies were counted. Two independent experiments were performed and each experiment conducted using seven mice per group.
Histological analysis
Animal study protocols were approved by the Institutional Animal Care and Use Committee at Pohang University of Science and Technology, Pohang, Republic of Korea.
Mice were killed and lungs were removed and fixed with 10 % buffered formalin solution. They were embedded in paraffin and sectioned in 4-µm thicknesses. The paraffin sections were deparaffinized with xylene and were stained with haematoxylin and eosin. Slides were examined and photographed using an Olympus BX51 microscope.
Cell survival assay
Cell survival was assayed by measuring the conversion of the yellow, water-soluble MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide] into blue, water-insoluble formazan [17] . B16BL6 cells (1 × 10 4 cells/well) were plated on to 96-well plates. After overnight incubation, different concentrations of polyP in serum-free MEM was added to cells, and incubated for 24 h. MTT (final concentration 0.5 mg/ml) was added to the cells and incubated for a further 4 h. The absorbance of the converted dye was measured at a wavelength of 570 nm with background subtraction at 690 nm using a microplate reader (Bio-Rad). In this assay, the value obtained from the cells treated with serum-free MEM was considered 100 % viable. 
A [
3 H]thymidine incorporation assay was carried out as described previously [18] . Briefly, B16BL6 cells were seeded at a density of 1 × 10 4 cells on to a 96-well plate. After 12 h, cells were washed with serum-free MEM and incubated for 6 h in serum-free MEM. Different concentrations of polyP in MEM containing 5 % FBS was added to the cells, and incubated for 24 h, followed by the addition of 0.5 µCi/well of [ 3 H]thymidine (Amersham) for 6 h. For HUVECs, cells were seeded at a density of 5 × 10 3 cells/well on to a gelatin-coated 96-well plate. After 12 h, cells were washed with M199 and incubated for 6 h in M199 containing 1 % FBS. bFGF (1 ng/ml; R&D Systems) with different concentrations of polyP in M199 containing 5 % FBS was added to the cells, and incubated for 24 h, followed by the addition of 0.5 µCi/well of 
Cell adhesion assay
A cell-adhesion assay was carried out as described previously [19] . Briefly, 96-well plates were coated with 10 µg/ml of vitronectin, collagen IV, fibrinogen, Matrigel or gelatin overnight at 4
• C. Plates were washed three times with PBS followed by blocking non-specific sites with 3 % BSA in PBS for 2 h. B16BL6 cells were radiolabelled with 50 µCi of [ 3 H]thymidine/100 mm culture dish for 24 h in MEM containing 10 % FBS. After labelling, cells were washed with PBS and suspended in serumfree MEM at a concentration of 5 × 10 5 cells/ml. Radiolabelled B16BL6 cells (5 × 10 4 cells/well) with different concentrations of polyP in serum-free MEM were seeded on to plates coated with matrix proteins. After 1 h incubation, the non-adherent cells were removed by washing three times with PBS. The adherent cells were solubilized with 150 µl of 1% SDS and counted for radioactivity. The percentage of cell adhesion was then calculated by dividing the radioactivity associated with adherent cells by the total radioactivity in 5 × 10 4 cells.
Western blotting
Total proteins were collected using M-PER (Pierce), separated by SDS/PAGE (10 % gel), and transferred on to PVDF membrane. The blocked membrane was then incubated with the indicated antibodies, and the immunoreactive bands were visualized using a chemiluminescent substrate.
Binding of bFGF to its receptor
bFGF (100 ng/well) in 100 µl of PBS was immobilized to 96-well plates. The wells were washed and blocked with 3 % BSA in PBST (PBS + 0.05 % Tween 20). Various concentrations of Fc (fragment of IgG1) or FGF R1-Fc [a soluble chimaera protein consisting of the extracellular domain of the human FGF R1α (FGF receptor 1) and Fc region of human IgG1; R&D Systems] in blocking buffer was added to the wells. After a 2 h incubation, the wells were washed three times with PBST, and then the number of bound Fc or FGF R1-Fc was determined by incubation with a peroxidase-conjugated anti-human IgG using a chemiluminescent substrate. To investigate the effect of polyP on the binding of FGF R1-Fc to the immobilized bFGF, FGF R1-Fc (100 ng/ml) with different concentrations of polyP in blocking buffer was added to the bFGF-coated wells, and incubated for 2 h. The number of bound receptors was determined by incubation with a peroxidaseconjugated anti-human IgG using a chemiluminescent substrate.
For control experiments, we added peroxidase-conjugated antihuman IgG with different concentrations of polyP to the Fc-coated wells (50 ng/well), incubated for 2 h, and then determined the amount of bound peroxidase-conjugated anti-human IgG using a chemiluminescent substrate.
Capillary-like tube formation assay
A capillary-like tube formation assay was performed as described previously [20] . HUVECs were plated in 150 µl of 1:1 M199 medium and a Matrigel-coated 24-well plate (20000 cells/well) in 5 % FBS with 5 ng/ml bFGF in the presence or absence of polyP. After a 4 h incubation, three randomly chosen fields (×10) from each sample were photographed. Using the Scion Image program, images were transferred to a computer and then total tube areas were measured in mm 2 . 
CAM (chorioallantoic membrane) assay
To investigate whether polyP had in vivo anti-angiogenic activity, a CAM assay was carried out as described previously [20] . Briefly, bFGF with different concentrations of polyP in a type I collagen mixture was loaded on to one-quarter pieces of a 15-mm diameter Thermonox disc (Nunc), and samples were polymerized by warming. The disc was then loaded on to the 10-day-old embryo. After a 72 h incubation, the area around the loaded disk was photographed with a Nikon digital camera and the number of newly formed vessels was counted by two observers in a doubleblind manner. Assays for each test sample were carried out using 10-12 eggs.
Statistical analysis
Values are presented as means from three replicate experiments, except for pulmonary metastasis experiments and the CAM assay. All values are expressed as means + − S.D. P values were calculated from Student's t tests, based on comparisons with the appropriate control samples tested at the same time, * P < 0.01 or * * P < 0.001 respectively.
RESULTS AND DISCUSSION
PolyP blocks in vivo pulmonary metastasis of melanoma cells by the suppression of neovascularization
To investigate the effect of polyP on tumour metastasis, we used a previously established model of experimental lung metastasis by intravenously injecting B16BL6 melanoma cells with polyP. All mice without polyP treatment had evidence of lung metastasis, but the animals treated with polyP had a dramatic reduction in the number of metastasized lung colonies (Figures 1A-D) . In the first experiment, mice treated with 0 µg of polyP/mouse, 40 µg of polyP/mouse and 400 µg of polyP/mouse had 68.0 + − 20.7, 28.4 + − 9.7 and 9.4 + − 4.1 metastasized colonies per lung respectively ( Figure 1D ). Similar findings were also observed in the second experiment; mice treated with 0 µg of polyP/mouse, 40 µg of polyP/mouse and 400 µg of polyP/mouse had 74.8 + − 24.8, 42.3 + − 12.6 and 15.8 + − 8.2 metastasized colonies per lung respectively. Overall, the reproducible inhibitory effect of polyP on lung metastasis in two independent studies suggests that polyP possesses in vivo anti-metastatic activity. Histological analyses also revealed that the number of metastasized colonies of mice treated with polyP was much lower than that of untreated ( Figures 1E-J) . These observations are consistent with the results shown in Figures 1(A)-1(D) . Furthermore, polyP strongly inhibited tumour-induced neovascularization: polyP treatment caused a decreased microvessel density within and nearby metastasized colonies when compared with untreated controls. These results suggest that polyP has a potent in vivo antiangiogenic activity, presumably resulting in the suppression of tumour growth and metastasis.
PolyP does not affect in vitro proliferation or adhesion of melanoma cells
To determine the mechanisms by which polyP inhibits pulmonary metastasis, we investigated the effect of polyP on the survival and proliferation of melanoma cells using MTT and thymidine incorporation assays respectively. The presence of polyP at concentrations up to 500 µg/ml did not show any cytotoxic (Figure 2A ) or anti-proliferative activity on B16BL6 cells ( Figure 2B ). We next investigated whether polyP blocked the adhesion of B16BL6 cells to the immobilized proteins that are components of the extracellular matrix. In the absence of polyP, 83.6 %, 75.2 %, 71.0 %, 77.1 % and 61.1 % of the B16BL6 cells adhered to the wells coated with vitronectin, collagen IV, fibrinogen, Matrigel and gelatin respectively ( Figure 2C ). The presence of polyP at concentrations up to 500 µg/ml did not affect the adhesion of B16BL6 cells to these matrix proteins. Since the volume of mouse whole blood is around 4 ml, 40 µg of polyP/mouse and 400 µg of polyP/mouse used in the pulmonary metastasis experiments, are equivalent to about 10 µg/ml and 100 µg/ml respectively. Although we could not completely exclude the possibility that polyP influences melanoma cell survival, proliferation or adhesion to matrix proteins, our results indicate that polyP inhibits in vivo pulmonary metastasis not by its anti-proliferative or anti-adhesive activity on melanoma cells, but by its anti-angiogenic activity.
PolyP inhibits bFGF-induced proliferation and ERK/p38 MAPK activation of human endothelial cells
Since angiogenesis is essential for tumour growth and metastasis, and tumour cells produce high levels of bFGF that contribute to tumour neovascularization [2, 3] , we investigated the effects of polyP on bFGF-induced proliferation and cell signalling of endothelial cells. PolyP blocked bFGF-induced DNA synthesis in a dose-dependent manner and half-maximal inhibition occurred at lower than 5 µg/ml of polyP ( Figure 3A) . Additionally, the presence of polyP at concentrations up to 20 µg/ml did not show any cytotoxic activity on HUVECs (results not shown). PolyP also inhibited bFGF-induced ERK and p38 MAPK activation in a dose-dependent manner ( Figure 3B ). These results suggest that polyP possesses an anti-angiogenic activity.
PolyP blocks the binding of bFGF to its receptor
To determine the mechanism by which polyP blocks bFGFinduced proliferation and ERK/p38 MAPK activation of endothelial cells, we investigated the effect of polyP on the binding of bFGF to its cognate receptor. FGF R1-Fc, a soluble fusion protein containing the extracellular domain of FGF R1, specifically bound to the immobilized bFGF in a dose-dependent manner, whereas the control Fc did not bind to the immobilized bFGF (results not shown). PolyP blocked the interaction between bFGF and FGF R1-Fc in a dose-dependent manner ( Figure 4A) . However, the presence of polyP did not inhibit the interaction between Fc and peroxidase-conjugated anti-human IgG ( Figure 4B ). These results clearly indicate that polyP inhibits bFGF-induced proliferation, and ERK and p38 MAPK activation via the blockage of bFGF binding to its cognate cell-surface receptor.
PolyP inhibits bFGF-induced in vitro and in vivo angiogenesis
Since the central aspects of bFGF action on endothelial cells are its ability to stimulate in vitro angiogenesis by inducing the angiogenic morphogenesis of endothelial cells [2, 3] , we investigated the effects of polyP on bFGF-induced endothelial cell capillarylike tube formation. bFGF promoted the formation of capillary-like structures of HUVECs on Matrigel and polyP effectively blocked bFGF-induced angiogenesis ( Figure 5 ). The ability of polyP to inhibit bFGF-induced in vivo angiogenesis was also examined using a chick CAM assay. When angiogenic bFGF (100 ng/egg) was loaded on to the chick CAM, it significantly induced neovascularization from pre-existing blood vessels over controls ( Figure 6 ). PolyP effectively blocked bFGF-induced angiogenesis in a dose-dependent manner without any effect on Figure 6E ). All of these results indicate that polyP has a potent in vitro and in vivo anti-angiogenic activity.
In the present study, we have shown that polyP has antimetastatic and anti-angiogenic activities. PolyP blocked in vivo pulmonary metastasis of B16BL6 melanoma cells by reducing microvessel density without any apparent in vitro anti-proliferative or anti-adhesive activity on tumour cells. PolyP also inhibited bFGF-induced proliferation, ERK/p38 MAPK activation, capillary-like tube formation in endothelial cells and in vivo angiogenesis via the blockage of bFGF binding to its cell-surface receptor. Although we could not exclude the other mechanisms, the antiangiogenic activity of polyP may result in its anti-metastatic activity. However, Shiba et al. [6] recently demonstrated that polyP (chain length 65 phosphate residues) directly interacts with bFGF and facilitates bFGF binding to its cell-surface receptor, resulting in the augmentation of the mitogenic activity of bFGF on fibroblast cells. The discrepancies in results might be explained by different conditions used in each experiment. Shiba et al. [6] used a somewhat higher concentration of polyP (∼ 105 µg/ml) in the absence of serum, whereas we investigated the effects of polyP (chain length 75 phosphate residues) at less than 20 µg/ml in the presence of serum. Another possible explanation is that the effects of polyP on bFGF are cell-type-specific. However, the precise mechanisms by which polyP antagonize bFGF actions on endothelial cell remains to be elucidated.
PolyP is present in mammalian tissues, serum and plasma, and previous studies have suggested that it may have diverse roles in mammalian systems (e.g. modulation of blood coagulation, stimulation of osteoblast-like cell calcification, and modulation of mammalian cell proliferation and apoptosis [6] [7] [8] [9] [10] ). The present study provides the first evidence that polyP has another function, namely an anti-angiogenic activity that antagonizes the action of bFGF on endothelial cells.
Neovascularization is crucial for sustained tumour growth, because it allows oxygenation and nutrient perfusion to the tumour as well as removal of waste. Angiogenesis is also responsible for the increased tumour cell entry into circulation and metastasis [1] . The acquisition of an angiogenic phenotype is considered decisive for tumour progression, and anti-angiogenic molecules are able to block tumour growth and metastasis [21] , suggesting that development of inhibitors which block the formation of new blood vessels can be an attractive therapeutic approach for the treatment of both primary and metastatic cancer. Tumour cells produce high levels of bFGF that contribute to the development of solid tumours by promoting tumour neovascularization. Binding of bFGF to their endothelial cell-surface receptors can stimulate endothelial cell growth, migration, tube formation and other biological events through signal transduction cascades, resulting in the stimulation of angiogenesis [2, 22] . Therefore molecules that block the bFGF action may be useful for the treatment of cancer [23, 24] . The concentrations of polyP in plasma and serum have been reported to be 12-14 µM and 39-49 µM in serum (in terms of phosphate residues) [25] . Taken together with the fact that angiogenesis occurs under various normal and pathological conditions and that polyanionic molecules such as heparan sulfate can modulate the actions of various kinds of growth factors, including bFGF [11] [12] [13] [14] , our present observations suggest that endogenous polyP may play diverse roles during embryonic development, wound healing and inflammation, as well as in the progression of pathological diseases such as rheumatoid arthritis and cancer. Furthermore, polyP may be a candidate for developing an anti-angiogenic agent for the treatment of angiogenesis-related diseases.
